Previous studies have shown that BrpA plays a major role in acid and oxidative stress 26 tolerance and biofilm formation by S. mutans. Mutant strains lacking BrpA also display 27 increased autolysis and decreased viability, suggesting a role for BrpA in cell envelope 28 integrity. In this study, we examined the impact of BrpA-deficiency on cell envelope 29 stresses induced by envelope-active antimicrobials. As compared to the wild-type strain 30 UA159, the BrpA-deficient mutant (TW14D) was significantly more susceptible to 31 antimicrobial agents, especially lipid II inhibitors. Several genes involved in 32 peptidoglycan synthesis were identified by DNA microarray analysis as down-regulated 33 in TW14D. Luciferase reporter gene fusion assays also revealed that expression of brpA 34 is regulated in response to environmental conditions and stresses induced by exposure to 35 sub-inhibitory concentrations of cell envelope antimicrobials. In a Galleria mellonella 36 (wax worm) model, BrpA-deficiency was shown to diminish the virulence of S. mutans 37 OMZ175, which unlike S. mutans UA159, efficiently kills the worms. Collectively, these 38 results suggest that BrpA plays a role in the regulation of cell envelope integrity and that 39 deficiency of BrpA adversely affects the fitness and diminishes the virulence of 40 OMZ175, a highly invasive strain of S. mutans. 41 42 on October 15, 2017 by guest
Introduction 43
The oral cavity is a dynamic environment in which frequent and often rapid 44 fluctuations in pH and the concentrations of antimicrobial agents and other stressors 45 occur. Dental care products, such as toothpastes and mouth rinses, contain a variety of 46 antibacterial compounds, including hydrogen peroxide, sodium lauryl sulfate and 47 chlorohexidine. Many bacteria in the highly complex oral flora can produce hydrogen 48 peroxide and antibacterial peptides, better known as bacteriocins, allowing the producers 49 to ensure their presence in the community by killing competing organisms (24). To 50 survive in the relatively hostile environment of oral biofilms, bacteria must be able to 51 sense, respond to, and cope with these insults. The cell envelope plays a vital role during 52 these processes as it protects the cell from the environment, maintains cell shape, acts as 53 a molecular sieve, and provides a platform for components of the cell involved sensing 54 and transmission of environmental signals. Ensuring envelope integrity is therefore 55 crucial for bacterial cells to survive. 56 digestions, the amplicon was cloned directly in front of the promoterless luc gene in 134 integration vector pFW11-luc (22), which also contains a Shine-Dalgarno sequence 135 optimized for group A streptococci (35) . Following confirmation of the correct sequence 136 of the cloned element, the resulting construct, pFW11::PbrpA::luc, was introduced into S. 137 mutans UA159 and TW14D and maintained on BHI agar containing 1 mg/mL 138 spectinomycin. The expression of BrpA under different environmental conditions and 139 cell envelope stressors were analyzed using luciferase assay by following the protocol of 140 Podbielski (22, 35) . 141
142

DNA microarray and RealTime-PCR analysis. For DNA microarray analysis, 143
total RNAs were extracted from early-exponential phase (OD 600nm ≅0.3) cultures, treated 144 with DNaseI (Ambion, Inc.) to remove all DNA, and then retrieved with the RNeasy 145 purification kit (QIAGEN, Inc.) (42). Array analysis was performed by using the whole-146 genome S. mutans microarrays (version 2) that were obtained from The J. Craig Venter 147
Institute (JCVI, http://pfgrc.jcvi.org) by following the protocols recommended by JCVI 148 as described elsewhere (1, 42) . Expression levels of selected genes identified by DNA 149 microarray analysis were confirmed by Real-time PCR procedures detailed elsewhere 150 (Table 1) (5, 42) . Microarray data have been deposited in NCBI (accession #GSE35349). 151
152
Cell envelope antimicrobial susceptibility assays. The susceptibility of S. mutans 153 strains to antimicrobial agents was analyzed using microtiter plate-based assays as 154 described previously (30, 40) . Cell envelope antimicrobial agents tested included the 155 antibiotics vancomycin (Sigma, St. Louis, MO), bacitracin (Sigma), and β-lactam 156 on October 15, 2017 by guest http://aem.asm.org/ Downloaded from antibiotic pencillin G (Sigma); the bacteriocin nisin (Sigma); and the cell envelope active 157 compounds sodium dodecyl sulfate (SDS) and chlorhexidine (Sigma). Briefly, 100 µl of 158 properly diluted mid-exponential phase cultures were added to 96-well plates containing 159 BHI medium supplemented with two-fold serial dilutions of cell envelope antimicrobial 160 agents. After 48 hours, bacterial growth was measured spectrophotometrically using a 161 Synergy 2 plate reader (BioTek, Inc.), and relative cell density percentages (OD 490nm of 162 cultures with antimicrobial agents divided by the OD 490nm of the untreated cultures X 163 100) were calculated. Minimal inhibitory concentration (MIC) was defined as the lowest 164 concentration at which the cultures did not grow to over 10% of the relative cell density. 165
Minimal bactericidal concentration (MBC) assays were carried out using the MIC test 166
plates. MBC was determined as the lowest concentration where fewer than 5 colony-167 forming-units (CFU) were observed after 48 hours when 20µl of the cultures was plated 168 on non-selective medium. 169
170
Biofilm formation and BIAcore assays. Biofilm formation on 96-well plates pre-171 coated with salivary agglutinin was carried out as previously described (4, 42, 43) . 172
Interactions of S. mutans whole cells with salivary agglutinin were analyzed using 173
BIAcore assays in which the receptor was immobilized on Pioneer F1 sensor chips (32). 174
175
Preparation of protein fractions and Western blot analysis. Various fractions of 176
proteins were prepared from BHI-grown early-exponential phase (OD 600nm = 0.3) cultures 177 of S. mutans (3, 41, 45) . Briefly, whole cell lysates were obtained by glass bead-beating 178 in SDS-boiling buffer (60 mM Tris, pH 6.8, 10% glycerol, and 5% SDS). For surface-179 on October 15, 2017 by guest http://aem.asm.org/ Downloaded from associated fractions, cells from 500 ml cultures were suspended in 25 ml of 0.2% N-180 dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (Zwittergent, Sigma) and 181 incubated at 28 o C with shaking at 80 rpm for 1 hour. Following centrifugation, the 182 supernatants were further concentrated using Amicon Ultra centrifugal filters (Millipore, 183 Billerica, MA). In other cases, bacterial cells were suspended in 4% SDS and incubated 184 at room temperature for 30 minutes. For cell-free fractions, cultural supernatants were 185 precipitated by ammonium sulfate. For Western blot analysis, proteins (10 µg total) were 186 separated using 7.5% SDS-PAGE, blotted onto Immobilon-FL membranes, and then 187 probed with anti-P1 monoclonal antibodies (8, 41) . 188 189 Bacterial invasion assay. The impact of BrpA-deficiency on S. mutans ability to 190 invade host tissues were analyzed using primary human coronary artery endothelial cells 191 (HCAEC) as described elsewhere (2, 31) . Briefly, overnight cultures were harvested by 192 centrifugation at 14,000xg for 5 minutes, and pellets were washed twice with phosphate-193 buffered saline (pH 7.2) and resuspended in endothelial cell basal medium-2 (EBM-2, 194 Lonza). Aliquots (1 ml) of bacterial cells (with ~5x10 7 cfu/ml) were mixed with HCAEC 195 monolayers in 24-well plates for 2-hours. heat-inactivated (10 min at 75°C) S. mutans wild-type or saline were used as controls. 208
After injection, larvae were incubated at 37°C, and appearance (signs of melanization) 209 and survival were recorded at selected intervals. Kaplan-Meier killing curves were 210 plotted and estimates of differences in survival were compared using a log rank test. A P 211 value of ≤0.05 was considered significant. All data were analyzed with GraphPad Prism, 212 version 4.0. 213
214
Results
215
BrpA-deficiency affects binding to immobilized salivary agglutinin. Binding to 216 salivary agglutinin and other glycoproteins, primarily through the multi-functional 217 adhesin P1 (also called Antigen I/II, PAc, or SpaP), is considered to be a major 218 mechanism used by S. mutans to colonize the tooth surface (15, 19, 25, 27) . On 96-well 219 plates pre-coated with whole saliva and purified salivary agglutinin (4), S. mutans wild-220 type UA159 formed robust biofilms after 24 hours, consistent with previous findings (4). 221
Relative to UA159, however, biofilm accumulation by the BrpA-deficient mutant, 222 TW14D was significantly lower (P<0.05) ( Figure 1A Figure 1B) . 232
Western blot analysis was then carried out to further examine the levels of P1 in 233 whole cell lysates, cell-free fractions and surface-associated fractions from UA159 and 234 TW14D using monoclonal antibodies (mcAb) against P1 as probes (3, 8, 41, 45) . When 235 probed with mcAb 6-8C, which reacts the C-terminus of P1 (8), a single band with 236 molecular weight (MW) around 200 kDa was apparent in the surface-associated fractions 237 of both UA159 and TW14D (Figure 2A ). In comparison, however, the density of this 238 reactive band in TW14D was over 2-fold of the one in UA159. A similar band was also 239 detected in whole cell lysate of TW14D, but was not detectable in UA159. When probed 240 with mcAb 4-10A that recognizes the A-P stalk, one major band of MW around 200 kDa 241 was apparent in both TW14 and UA159 ( Figure 2B ), with the density of the band in 242 TW14D being more than 4-fold higher than that in UA159. Besides, multiple bands with 243 MW around 150 kDa were apparent in the whole cell lysates, but again these bands in 244 TW14D were more than 9-fold denser than those in UA159. With mcAb 3-8D as a 245 probe, which recognizes the A-region of the P1, multiple bands with similar MW around 246 100 kDa were identified in the whole cell lysates of both UA159 and TW14D (Figure 247 Previously, it was shown that BrpA-deficiency in S. mutans caused elevations in autolysis 254 and reductions in viability, with more dead cells and cell debris in biofilms relative to the 255 wild-type strain (13, 42) . To analyze whether BrpA in S. mutans affects cell envelope 256 integrity, MIC and MBC against several cell envelope antibacterial agents were measured 257 using microtiter plate-based assays. As shown in Table 2 , the BrpA-deficient mutant had 258 a decreased ability to survive the treatment of several different antimicrobial agents, 259 when compared to the wild-type strain under the same conditions. TW14D had a 1.8-and 260 2-fold reduction in MIC to nisin and bacitracin, respectively. Similar trends were also 261 detected with vancomycin, penicillin-G, D-cycloserine, SDS and triclosan, although the 262 differences between these two strains were not statistically significant. When MBC's 263 were analyzed, the deficient mutant had ≥1.5-fold reductions in sensitivity to nisin, 264 chlorhexidine and SDS. Slight, but not statistically significant decreases were also seen 265 with bacitracin, vancomycin and triclosan. 266 (Table 2) . Among the antimicrobial agents tested, the 364 most significant influences in MIC were measured with nisin and bacitracin, two 365 antibiotics that interfere with Lipid II cycling, blocking peptidoglycan and cell wall 366 biosynthesis (9). The most significant impact in MBC was seen with chlorhexidine and 367 SDS, two chemicals commonly used in oral health care products that compromise 368 membrane integrity. These results provide further support for a role for BrpA in 369 regulation of cell envelope biogenesis or maintenance by S. mutans, consistent with the 370 roles of certain LCP paralogues in other bacterial species (18, 20, 33, 36, 39) . 371
The bacterial cell wall is a repeating, three-dimensional polymer, known as 372 peptidoglycan or murein consisting of a linear, alternating N-acetylmuramic acid 373 (MurNAc) and N-acetylglucosamine (GlcNAc) motif, cross-linked via peptides appended 374 to MurNAc. Of the genes altered as a result of BrpA-deficiency in TW14D, several were 375 found to encode proteins with potential roles in peptidoglycan biosynthesis (Table 4) (Table 3 ). Defects in cell envelope integrity would likely result in vulnerability 389 of the bacterial cells to environmental insults, and therefore can partly explain the 390 weakened acid-and oxidative stress response of the BrpA-deficient mutants (42). 391 P1, a cell wall anchored adhesin, is considered a key contributor to S. mutans 392 colonization of the tooth surface (7, 15). P1 mediates the adherence through interactions 393 with high molecular weight salivary agglutinin in the enamel pellicle. Both biofilm 394 formation assays and BIAcore analysis showed that BrpA affects the ability of S. mutans 395 to interact with salivary agglutinin (Figure 1) . As shown by Western blotting, however, 396 the level of P1 expression was increased by more than 2-fold as a result of BrpA-397 deficiency ( Figure 2A) . When analyzed by DNA microarrays, several genes encoding 398 components of the Sec translocase were also found altered in TW14D. These included 399 secA, secE and secY encoding the ATP-dependent motor of the translocation machinery, 400
SecA, and the translocon pore components, SecE and SecY, respectively. Both secA and 401 secE were down-regulated by more than 2-fold, while secY was up-regulated by more 402 than 2-fold (Table 4) Note: *, Van, vancomycin; Nis, nisin; Bac, bacitracin; Pen, penicillin G; D-cyc, D-cycloserine; Chl, chlorhexidine; SDS, sodium dodecyl sulfate; and Tri, triclosan. Superscript a and b represents a reduction in MIC and /or /MBC of more than 1.5 and 2-fold, respectively, as compared to UA159. All concentrations are in micrograms per milliliter. Note: *, description and putative function of the identified genes are based upon the published S. mutans database. # and @, defined as levels of expression in the BrpA-deficient mutant relative to those of the wild-type shown by DNA microarray analysis and RealTime-PCR, respectively, with "-" representing down-regulation. nd, not done. 
